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The spontaneous emission process is known to be largely affected by the surrounding 
electromagnetic environment of emitters, which manifests itself via the Purcell enhancement 
of decay rates. This phenomenon has been extensively investigated in the case of dipolar 
transitions in quantum systems, commonly delivering fast decay rates in comparison to 
forbidden transitions such as high-order multipolar transitions or spin-forbidden, singlet-triplet 
phosphorescence processes. Here, we demonstrate a decay rate enhancement of almost 2800-
fold considering a Ruthenium-based phosphorescent emitter located inside a plasmonic 
hyperbolic metamaterial. The standard electromagnetic local density of states description, 
typically employed for the Purcell factor analysis of dipolar transitions, is unable to account 
for a photoluminescence enhancement of this magnitude, which is attributed to the interplay 
between the local density of states and strongly inhomogeneous electromagnetic fields inside 
the metamaterial. The large available range of spontaneous emission lifetimes reported here 









The enhancement of the spontaneous emission rates of dipolar emitters, known as the 
Purcell effect,[1] has so far been demonstrated in many different material environments, owing 
to the modification of the local density of electromagnetic states (LDOS) available for the 
emitters’ relaxation.[2] Photonic structures, such as photonic crystals[3] or microresonators,[4] 
have received a lot of interest in the past thanks to their high quality factors, but their use has 
been hindered by diffraction limited modal volumes, restricting the enhancement factors. 
Instead, the use of plasmonic structures, such as nanoantennas[5] or plasmonic cavities,[6] has 
enabled the confinement of light to subwavelength scales, delivering modal volumes far 
beyond the diffraction limit. Despite the limitation of the enhancement factors due to the 
inherent material losses[7] of the plasmonic structures, the resonant character of the 
enhancement process nonetheless led to rather narrow enhancement bandwidths. Recently, 
sizeable spontaneous emission rate enhancements using metamaterials, ordered nanostructured 
media with designed electromagnetic properties, have been achieved. A subclass of 
metamaterials, namely hyperbolic metamaterials[8], has been shown to deliver broadband non-
resonant Purcell enhancement, limited by microscopic factors, such as the composite 
granularity.[9-11] Most of the experimental studies involving hyperbolic metamaterials reported 
Purcell factors of several tens,[12-15] reaching approximately 80 with additional structuring of a 
metal-dielectric multilayer metamaterial.[16] In nanorod-based hyperbolic metamaterials, decay 
rate enhancements of dipolar emitters reaching up to 100 were observed, depending on the 
positioning of the emitters in the unit cell as well as the material losses,[9] and led to emission 




Spontaneous emission from other atomic transitions has, however, not been extensively 
investigated, mostly due to their conventionally forbidden character strictly controlled by 
selection rules. Electric-dipole-forbidden atomic transitions, such as magnetic-dipole 
transitions, multipolar transitions with orbital angular momentum changes, spin-flip-required 
or singlet-triplet transitions, are typically orders of magnitude slower than regular dipolar 
transitions between selection-rule-allowed states, and therefore are hardly experimentally 
observable. However, it was recently shown that using highly confined plasmon modes of 2D 
materials or surface magnon polaritons, these forbidden emission processes can be significantly 
accelerated and may compete with conventional dipolar transitions with emission primarily 
into plasmonic and polaritonic modes; while the increased local density of electromagnetic 
states plays an important role in the Purcell effect, strong gradients in highly confined 
electromagnetic fields are essential for the enhancement of forbidden transitions.[17-21] 
In the specific case of phosphorescence, which is a second order quantum process, 
emitters typically exhibit lifetimes in the range of milliseconds to seconds,[22] orders of 
magnitude longer than the common nanosecond lifetimes of fluorescent dyes. This comes from 
the forbidden nature of the transitions involved in the emission process, including transitions 
between states of different spin multiplicities such as singlet-triplet transitions. However, the 
phosphorescence process can be enhanced in organometallic complexes possessing a heavy 
transition‐metal element, favouring spin-orbit coupling interactions. This therefore results in 
improved quantum yields and shorter lifetimes of the order of 100s of ns to 10s of µs,[22] making 
the phosphorescent transitions experimentally accessible. Here we report on the decay rate 
enhancement of a singlet-triplet transition in a long lifetime phosphorescent Ruthenium-based 
complex (Ru(dpp)) inside a gold nanorod-based hyperbolic metamaterial. Large enhancements 
of the transition rate are observed on smooth gold films and metamaterial-based structures, 




based on the electromagnetic local density of states modifications only. Embedding the emitters 
within the hyperbolic metamaterial, realised as an array of vertically aligned gold nanorods, 
yields the record lifetime reduction of 2750-fold at the maximum peak of the measured lifetime 
distribution (a ~ 1220-fold reduction can be estimated at the tail of the lifetime distribution). 
Theoretical predictions, relying on electromagnetic local density of states, fail to predict such 
an enormous rate acceleration, suggesting the role played by the electromagnetic field gradients 
between the nanorods forming the array.  
 
2. Results and discussion 
 
In this study, the decay dynamics of Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) 
dichloride complex (Ru(dpp), Sigma-Aldrich) dissolved in different solvents, were measured 
in the vicinity of various plasmonic substrates, employing a time-correlated single photon 
counting (TCSPC) technique (see Experimental section). Ru(dpp) is a transition metal 
complex, which is constituted of a central Ru2+ ion surrounded by 3 diphenyl-phenanthroline 
ligand molecules. Due to the presence of the ligands, these complexes exhibit unique electronic 
transitions called metal-to-ligand charge-transfer (MLCT) states. These transitions involve a 
charge transfer from the d-orbitals of the metal (t2g) to the unoccupied π*L orbital of the ligands, 
as represented in the simplified diagram of the molecular orbitals and states of the complex in 
Figure 1a. Following absorption from the ground state (S0) to the 
1MLCT singlet state, fast 
and efficient intersystem crossing occurs (kisc,) and electrons relax to the triplet 
3MLCT state. 
Emission from this triplet state to a singlet ground state is classified as phosphorescence (kr) 
and exhibits lifetimes of the order of several microseconds, shorter than usual phosphorescent 
state lifetimes[22]. This efficient intersystem crossing and reduced lifetime of the triplet excited 




interactions and enhancing the probability of the theoretically spin-forbidden triplet to ground-
state transitions, therefore increasing the efficiency of the phosphorescence process.[23]  
 
 
Figure 1. Properties of the Ruthenium-based complex and the gold nanorod-based 
metamaterial. (a) Simplified molecular orbitals and state diagram of the Ruthenium-based 
complex. Energy level positions are not to scale. (b) SEM image of a typical nanorod-based 
metamaterial sample (tilted at 45o). (c) Experimental extinction spectra (-logT) of the free 
standing nanorod-based metamaterial in water (n = 1.33) taken for different angles of incidence 
of TM-polarised light.  
 
The Ruthenium-based emitter was first dissolved in water and then deposited on: a glass 
substrate; a smooth gold film of thickness 30 nm; and inside a gold nanorod-based hyperbolic 




experimental study were approximately 250 ± 5 nm length, 50 ± 2 nm diameter and 100 ± 2 
nm centre-to-centre spacing. More details on the fabrication process of the metamaterial 
structure are available in the Experimental section. The extinction spectra of the free-standing 
nanorod array immersed in water for different angles of incidence of TM-polarised light 
(Figure 1c) show the presence of two modes associated with the electron motion perpendicular 
(⊥) and parallel (//) to the nanorods, respectively centered around 530 nm and 585 nm.[24]  
The decay dynamics of the emitters deposited on glass, the gold film and the nanorod 
metamaterial are represented in Figure 2a. These decays were fitted using an inverse Laplace 
transform method described in the Experimental section. In the case of the emitters deposited 
on glass, the experimental decay dynamics is mono-exponential with a component of the 
lifetime distribution centered around 770 ns (Figure 2b), in good agreement with values found 
in the literature[25]. The measurements on the gold film and inside the nanorod-based 
metamaterial exhibit much more complicated decay dynamics compared to that of glass. For 
emitters placed on the gold film, the dependence of the lifetime on the position and orientation 
of the emitters with regard to the gold surface led to a multi-exponential decay (Figure 2(a, b)). 
The gold-film-modified lifetime distribution is broadened compared to the case of glass and is 
dominated by a lifetime component centered on 3.7 ns, corresponding to an increase of the 
decay rate of approximately 210. The large span of the lifetime distribution is mainly related 
to the distance and polarisation dependent distribution of the emitters with regard to the 





Figure 2. Ruthenium-based complex in water. (a) Emission dynamics of Ru(dpp) in water 
on (blue) a glass substrate, (green) a 30 nm thick gold film and (red) inside the nanorod-based 
metamaterial. The dotted lines correspond to the experimental data and the solid lines represent 
the fits performed using an inverse Laplace transform method. (b) Lifetime distributions 
corresponding to the fits in (a), with the same colour coding. (c) Emission spectra of Ru(dpp) 
in water deposited (blue) on glass and (red) inside the nanorod-based metamaterial. (d) 
Theoretical lifetime distributions above the smooth gold film recalculated from the measured 
lifetime distributions of the emitters deposited on glass for different depths of excitation (dexc). 
Dashed lines are experimental data measured on glass and above the gold film, lines only are 





In this case, it is shown that the observed decay rate enhancement cannot be explained with the 
help of the commonly accepted LDOS theory.[2] The dynamics of emitters, modified by the 
presence of nearby plasmonic surfaces, in particular those of noble metals, is a well understood 
process. The key contributions leading to the modification of the spontaneous emission lifetime 
are mainly mirror-reflected waves, the excitation of surface plasmons and quenching.[26] All 
these effects can be taken into account in a semi-analytical formula for the spontaneous 
emission enhancement as described in the Experimental section. Using this theoretical 
formulation and the experimentally measured lifetime distribution of the emitter on a glass 
coverslip, a theoretical prediction of the lifetime distribution on the gold film could be obtained 
for various depths of optical excitation above the surface. This method takes into account the 
position of the emitters with regard to the metallic surface and their spatial orientation. As can 
be seen from the theoretical predictions (Figure 2d), even for a small depth of excitation, the 
average lifetime enhancement does not even increase by as much as a factor of 10, which is 
more than an order of magnitude lower than the experimentally observed value. It is worth 
noting that this same fitting procedure was conducted on the lifetime distributions of 
conventional fluorescent dyes (Alexa, Fluorescein, ATTO dyes) obtained using the same 
experimental setup, leading to an excellent agreement between theoretical and experimental 
data for a depth of excitation of 175 nm, verifying the validity of the method.[9]  
 When deposited inside the metamaterial, the phosphorescent emitter exhibits a strongly 
accelerated decay dynamics, following a multi-exponential profile owing to the random 
position and polarisation of the emitters within the metamaterial. The corresponding lifetime 
distribution is largely shifted towards shorter lifetimes and shows a maximum peak around 
0.28 ns, corresponding to approximately 2750-fold reduction of the spontaneous emission 
lifetime. A reduction of ~ 1220-fold can be estimated at the tail of the main peak of the lifetime 




calculation of the quantum dynamics of emitters, situated inside the structure, due to the finite 
size of the metamaterial unit cell.[27] However, a comprehensive analysis of the decay rates of 
emitters inside the nanorod-based metamaterial, taking into account spatial averages, local field 
corrections, interfaces, and spatial dispersion effects, which has been developed by us 
previously,[9] has been demonstrated to predict the correct decay rates for widely used dipolar 
emitters; this theory predicts an averaged spontaneous emission rate enhancement of about 30, 
also consistent with other reports. However, in the present case, as for a flat gold film, this 
theoretical description fails to predict the modification of the spontaneous emission lifetime. 
Therefore, this approach relying on the modification of the LDOS appears to be inapplicable 
in the case of phosphorescent emission. Photoluminescence spectroscopy of the emitter inside 
the metamaterial was also performed (Figure 2c), where a slight red-shift of the emission inside 
the metamaterial is observed with regard to the emitters deposited on glass. 
 
 
Figure 3. Optical properties of the metamaterial in glycerol. Experimental extinction 
spectra (-logT) of (a) the bare and (b) the coated free-standing nanorod-based metamaterial in 





Over the past decades, Ruthenium-based emitters have extensively been used as 
efficient oxygen sensors.[28-30] In the presence of molecular oxygen, dynamic quenching 
occurring via collisions leads to the de-excitation of the emitter, ultimately reducing its 
spontaneous emission lifetime.[31] In order to minimise the effect of oxygen in our study, the 
same experiments were conducted in glycerol, exhibiting a higher viscosity than water and 
therefore limiting the dynamic quenching process. In this case, a nanorod-based metamaterial 
sample coated with a thin layer of polymer (7.5 nm), as described in the Experimental section, 
was used as an additional material environment. This coating is expected to reduce the emission 
quenching due to the close proximity of the metallic nanorods to the emitters. The bare nanorod 
metamaterial sample was fabricated with the same geometrical parameters as the sample used 
for the emitter in water, while those of the coated nanorod metamaterial sample were 
approximately 130 ± 5 nm length, 50 ± 2 nm diameter and 100 ± 2 nm centre-to-centre spacing. 
The extinction spectra of both bare and polymer coated free-standing nanorods immersed in 
glycerol, for different angles of incidence of TM-polarised light, again show the presence of 
two peaks (Figure 3). In comparison with Figure 1c, an increased splitting between the two 







Figure 4. Ruthenium-based complex in glycerol. (a) Emission dynamics of Ru(dpp) in 
glycerol on (blue) a glass substrate, (green) a 30 nm thick gold film, (red) inside the nanorod-
based metamaterial and (yellow) inside the polymer coated nanorod-based metamaterial. The 
dotted lines correspond to the experimental data and the solid lines represent the fits performed 
using an inverse Laplace transform method. (b) Lifetime distributions corresponding to the fits 
in (a), with the same colour coding. (c) Emission spectra of Ru(dpp) in glycerol deposited (blue) 
on glass, (red) inside the nanorod-based metamaterial and (yellow) inside the polymer coated 
nanorod-based metamaterial. (d) Theoretical lifetime distributions above the smooth gold film 
recalculated from the measured lifetime distributions of the emitters deposited on glass for 
different depths of excitation (dexc). Dashed lines are experimental data measured on glass and 





The analysis of the time-resolved measurements show that the decay dynamics of the 
emitters deposited on glass exhibits a mono-exponential profile, whereas the decay dynamics 
of the emitters in the cases of the gold film, the bare metamaterial and the polymer coated 
metamaterial samples show here again more complicated profiles (Figure 4a). In the case of 
the emitters deposited on glass, the associated lifetime distribution of the complex is centered 
around 4.4 µs (Figure 4b), in good agreement with values found in the literature.[25] The lifetime 
distributions of the emitters placed on the gold film, the bare metamaterial and the coated 
metamaterial are broadened and strongly shifted towards shorter lifetimes. Considering the 
position of the maximum of the dominant peak of the lifetime distribution, an approximately 
980-fold reduction of the lifetime is observed when the emitter is placed near the gold surface 
and about 2590-fold reduction in the case of the emitters inside the bare metamaterial. A 
reduction of ~1290-fold can be estimated at the tail of the main peak of the lifetime distribution 
for the bare metamaterial. For the coated metamaterial sample, the presence of the polymer 
shell significantly reduces the decay rate enhancement of the Ruthenium-based emitter 
compared to the bare metamaterial (Figure 4a). The corresponding distribution of lifetimes, 
represented in Figure 4b, exhibits a maximum around 3.9 ns, leading to a 1130-fold increase 
of the decay rate compared to the case of glass (a ~ 450-fold increase is observed at the tail of 
the main peak of the lifetime distribution). This more moderate rate enhancement can be related 
to the reduced access of the emitters to the field with strongest gradients and/or the prevention 
of nonradiative quenching typically occurring for emitters in very close proximity to metals, 
emphasising the strong dependence of the decay rate on the positioning of the emitters within 
the metamaterial. Photoluminescence spectroscopy was performed for the emitters on glass 
and inside the bare and coated metamaterials as shown in Figure 4c, where the emission spectra 
inside the metamaterial are here again slightly red-shifted compared to the emitter on glass, 




the emitters dissolved in water, a theoretical prediction of the distribution on the gold film was 
obtained from the experimental distribution on glass for different depths of excitation (Figure 
4d).  The same conclusion as for the emitters in water can be observed and confirm the 
inapplicability of the method for phosphorescence measurements.  
 
3. Conclusion 
The decay dynamics of a phosphorescent Ruthenium-based complex located in the 
vicinity of different electromagnetic environments were investigated. By combining the use of 
an emitter with large spin-orbit coupling and plasmonics, giant enhancements of the singlet-
triplet transition rate were demonstrated in the vicinity of plasmonic substrates, including 
smooth thin gold films and gold nanorod-based metamaterial structures, and which cannot be 
simply described by the theory used for pure dipolar transitions. While the decay rate 
enhancement in the case of fluorescence processes have been proven to be theoretically 
predicted by the LDOS theory, we have shown that the description considering only the LDOS 
fails in the case of singlet-triplet transitions. For such transitions, the strong gradients of the 
electromagnetic field need to be taken into account.[18-21] These gradient effetcs are available  
in the near-field proximity to the gold film, due to the excitation of surface plasmons by the 
emitter’s radiation, as well as between the nanorods forming the metamaterial. Decay rates up 
to two orders of magnitude higher than those predicted by the LDOS theory were observed 
both in the case of the emitter located near the smooth gold film and inside the metamaterial. 
Recently, several experimental studies on phosphorescent emission enhancement and decay 
rates manipulation with modified electromagnetic environments were reported. Among them, 
320-fold luminescence enhancement in the vicinity of photonic crystals[32] was achieved and 
Purcell factors of more than 103 near plasmonic structures[33] were demonstrated, where the 




nanoscale gaps. It should be noted that a good agreement between experimental results and 
modelling using a theory based on standard dipolar transitions was obtained in Ref. [33] for the 
investigation of a different Ruthenium-based dye in a plasmonic gap antenna. Several factors 
may have however contributed to the dissimilar observations to those of our study, such as the 
extremely small gaps potentially leading to strong coupling to the gap modes of the system or 
the specific characteristics of the dipole radiation in the simulations. In addition to these 
studies, the role of the field gradients and the differences between the rate modifications of 
dipolar and dipolar-forbidden transitions have also recently been directly theoretically 
shown.[34] Similar combination of the high LDOS and nonuniform field distribution are likely 
responsible for the observations in this work and in the aforementioned papers. In nanorod-
based metamaterials, additionally to the presence of strong field gradients, the interaction 
between the emitters and the optical orbital angular momentum of the cylindrical surface 
plasmons propagating along the nanorods might also play a role in the decay rate 
enhancement.[17, 18] These results show the remarkable potential of hyperbolic metamaterials 
for the control of spontaneous emission rates over a large range, useful for the design of fast 




4. Experimental Section  
Fabrication of the metamaterial:  The nanorod-based hyperbolic metamaterials were fabricated 
via electrodeposition of gold into a porous anodised aluminium oxide (AAO) template, as 
described in Ref. [35]. Highly ordered pores were obtained using a two-step anodisation process 
in 0.3 M oxalic acid at 40 V. After an initial anodisation step, the porous layer formed was 
etched in a solution of H3PO4 (3.5 %) and CrO3 (20 g.L
-1) at 70°C, yielding an ordered, indented 
Al surface. The second step anodisation was then performed under the same conditions as in 




the barrier layer at the bottom of the pores. Gold electrodeposition was subsequently performed 
with a three-electrode system using a non-cyanide solution. The AAO template was 
subsequently removed using a solution of 0.3M NaOH and 99.5% ethanol. The polymer coated 
nanorod sample was prepared using a layer-by-layer deposition of polyelectrolytes.[36] Each 
polyelectrolyte layer was prepared by alternating the deposition of poly(allylamine 
hydrochloride) and polystyrene sulfonate. For each deposition step, the plasmonic gold 
nanorod metamaterial was immersed in a polyelectrolyte solution (10 mg.mL-1 in 1 mmol.L-1 
NaCl aqueous solution) for 30 minutes and washed with pure water (18 MΩ) to remove any 
unbound electrolyte. The layer-by-layer process was initiated with the cationic poly(allylamine 
hydrochloride) layer in order to facilitate the attachment of the first polyelectrolyte layer to the 
gold nanorods through amine-gold interactions. Gold films of 30 nm thickness sputtered on 
similar substrates were also used in these experiments. 
 
Optical characterisation: Angle-resolved transmission spectroscopy was performed using light 
from a tungsten-halogen lamp polarized and collimated onto the sample. The transmitted light 
was then collected by an objective lens and coupled to a spectrometer equipped with a CCD 
camera via a multimode optical fibre.  
 
Time-resolved photoluminescence measurements: Time-correlated single photon counting 
(TCSPC) was employed to evaluate the decay dynamics of the Ruthenium complex. A pulsed 
laser beam from a supercontinuum laser (Fianium), filtered with a 10 nm bandpass filter 
centered on 488 nm (ZET488/10x, Chroma), was focused on the sample using a high-numerical 
aperture oil-immersion objective (100x, NA = 1.3) and the PL signal was collected via the 
same objective. A 490 nm longpass dichroic mirror and a bandpass filter (620 nm, bandwidth 





Photoluminescence lifetime data analysis: Time-resolved measurements were analysed using 
an inverse Laplace transform method,[9] allowing the determination of lifetime distributions in 
different material environments. This method does not require any preliminary estimation of 
the lifetime distribution and is based on the solution of the equation 





         (1) 
where 𝐼(𝑡) is the measured decay deconvoluted from the instrumental response function and 
𝐹(𝜏) is the relative weight of the exponential decay components. An iterative fitting procedure 
was used to obtain stable results due to the ill-defined character of inverse methods. 
 
Quantum yield measurements:  Quantum yields of the Ruthenium complex in water and 
glycerol were measured using a method developed by de Mello et al.[37] The samples, placed 
in an integrating sphere, were illuminated using a 470±10 nm LED source. The emitted light 
was collected by a spectrometer (QE Pro, Ocean optics). Quantum yields of 0.099 and 0.81 
were measured for the Ruthenium complex in water and glycerol, respectively. This difference 
in the quantum yield may contribute to the stronger observed increase of the decay rate in the 
metamaterial for water than glycerol solvent.  
 
Estimation of the lifetime distribution of the ensemble of emitters near a gold film: A semi-
analytical expression for the total decay rate enhancement of a point-like emitter near an 
interface between two materials was used in order to calculate the distribution of lifetimes near 
the gold surface, as developed in Ref.[9]. Given the experimentally measured lifetime 
distributions of fluorophores near a glass substrate 𝐹Glass
exp (𝑡), the corresponding distribution 















    (2) 
where 𝜓(𝑧) is the position-dependent polarisation-averaged total decay rate enhancement 
factor near the gold surface (relative to the case of emission near the glass substrate), 
|?⃗? pump(𝑧)|
2
 is the position-dependent intensity of the excitation light, 𝑄loc(𝑧) is the emitter’s  
local quantum yield, and 𝑛(𝑧) is the distribution density of the emitters along the focal depth, 
which was assumed to be uniform. The depth of excitation 𝑑exc was varied.  
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Table of contents 
 
The singlet-triplet transition rate enhancement of a phosphorescent complex located in the 
vicinity of different electromagnetic environments, including a hyperbolic metamaterial, is 
investigated. It is shown that combining the use of an emitter with large spin-orbit coupling 
with plasmonics leads to significant enhancements of the emission rate, which cannot be 
accounted for solely by a standard electromagnetic local density of states description. 
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